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Abstract
Molecular dynamics simulation results for head-on collisions of two nano polymer droplets are presented. For
the initial compressing phase of their collisions, they act like an elastic solid for a moment, and then they become to
behave like a viscoelastic soft matter. Some of their interesting behaviors will be reviewed brieﬂy.
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1. Introduction
Molecular dynamics simulation results generated from collisions of two droplets are reviewed. Only head-on
collisions of two equal-sized spherical nano-size polymer droplets are considered. The results show the detailed
motion of the molecules of the colliding droplets during their collision. In earlier collision period, nano polymer
droplets seem to show an elastic behavior, similar to the solid cluster. They begin to show a viscoelastic behavior after
the longitudinal force Fn between them reach a maximum value. Their spherical shapes are consequently deformed
signiﬁcantly, accompanied by a dissipation energy. We will summarize the previous results [1]-[3] and then discuss
problems with regards to proper understandings of collision simulation results.
Deformations and contact radii of the nano droplets are estimated and compared with the Hertzian model of elastic
solid balls. The initial phase of the collision could be explained by this continuum model, except at the very beginning
of the collision. This is because the surface of nano droplets is not smooth, but rather rough and rugged.
Viscoelastic behaviors are also reported. We propose a new model for normal force between two colliding droplets
by decomposing the force into an elastic component and a dissipative component. Through molecular dynamics
simulations, we can, anyway, explicitly determine the corresponding model parameters by a curve ﬁtting.
This article is organized as follows: We brieﬂy present the model of viscoelasticity in section 2. Next, we describe
simulation methods and molecular dynamics simulation results. Finally, conclusions will follow.
2. Viscoelastic theory of droplets collision
Here, we will brieﬂy summarize the contact force model for colliding spherical droplets [3]. Let us consider two
spherical bodies of radii R1 and R2 with their centers at r1(t) and r2(t), respectively. The deformation during their
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collisions is described by
ξ(t) = max(0,R1 + R2 − |r1(t) − r2(t)|). (1)
If we consider only head-on collision, there is no tangential force between them and the force between these two
spheres is only normal. This normal force can further be decomposed into an elastic component Fel and a dissipative
component Fdis,
Fn = Fel(ξ,R1,R2) + Fdis(ξ, ξ˙,R1,R2). (2)
The elastic component of the stress tensor is some function of deformation ξ(t), whereas the dissipative component of
the stress tensor is some function of deformation rate ξ˙(t). The elastic component Fel is given by,
Fel(ξ) = mef f D1ξα, (3)
where D1 is a constant of the material and the dissipative force of the form, [4]-[8]
Fdis(ξ, ξ˙) = mef f D2ξγξ˙β, (4)
where D2 is also a constant of the material.
Finally, the parameters D1, D2, α, β, and γ can be explicitly determined by the molecular dynamics simulations
[3].
3. Methods and Results
Let us now describe the simulation method. We make spherical droplets, composed of polymers with chain length
L = 10. The droplets have a radius R = 22.87 and in a state of polymer melt at a density ρ = 0.83 and a temperature
of T = 0.5. They are in a entangled state with polymer chains. The two droplets approach each other to collide
with the same speed u along the x-direction. The number of particles in each droplet is N = 40, 000. The polymers
are modeled by a coarse-grained bead-spring model. All the monomers in the same droplet interact with each other
through the Lennard-Jones (LJ) potential,
VLJ(r) = 4[(
r
σ
)−12 − ( r
σ
)−6], r ≤ rc (5a)
= 0, r > rc, (5b)
where  and σ are parameters to characterize the energy and the length scales of LJ potential, respectively. We choose
a signiﬁcantly larger value of the cutoﬀ length rc = 5.0 for the LJ interaction, compared to the usual value of rc = 2.5
to avoid unwanted force, when they enter the interaction cutoﬀ region from a distance. Neighbor monomers on the
same chain additionally interact with the ﬁnite extension non-linear elastic (FENE) potential [9]-[10],
φFENE(r) = −kF2 r0
2log[1 − (r/r0)2], (6)
where kF is a spring constant and r0 is a maximum length within which the chain can be maintained. In our simulations,
we choose r0 = 1.5 and kF = 30.0. Between molecules in diﬀerent droplets, only a repulsive LJ potential is applied so
that the droplets repel each other so that they are eventually separated. Hereafter all the quantities will be expressed in
the LJ reduced units. We used a velocity Verlet algorithm with a time step Δt = 0.005 to integrate equation of motion.
We used LAMMPS package [11] for this purpose and VMD [12] to see the molecular motion.
Let us now discuss the overall collision process in detail. Snapshots of their collision procedure at u = 1.5 are
shown in Fig. 1 at four diﬀerent times: t = 0, 3.1, 23.8, and 62.3. Here, t = 0 is the time at which the two droplets
just begin to touch. At ﬁrst, the spheres are compressed up to t = 3.1 (which we call the ’initial compressed’ phase)
along the longitudinal direction (x-direction). Then, they are elongated along the transverse directions (y-z plane) up
to t = 23.8 (’transversely expanding’ phase). Finally, they recoiled from each other; i.e. receding backwards (’recoil’
phase) and then they cease to contact at t = 62.3. After their separation, they may be still returning to their spherical
shape due to their surface tension.
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Figure 1: (Color on-line) Deformations with time with their approaching speed u = 1.5. Snapshots of a collision at diﬀerent times: (a) t = 0, at
which they begin to touch, (b) t = 3.1, at which Fn has a maximum value, (c) t = 23.8, at which deformation ξ got a maximum value, (d) t = 62.3,
at which they begin to separate.
Figure 2: (Color on-line) Longitudinal forces Fn as a function of time t at diﬀerent values of u = 0.3, 0.7, 1.1 and 1.5.
Figure 3: (Color on-line) Energy tranductions during the collision at u = 1.5.
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At a rather higher impact velocity u, they show an elastic deformation, quite similar to the Hertz’s theory of
deformation for spherical solid steels. This elastic behaviors can be understood with the Hertzian theory of elastic
balls. The simulation results conform to this theoretical predictions. When the colliding core region cannot support to
keep it anymore, its shape changes into an prolate ellipsoid, as shown in Figure 1(c). Thus the next phase is expansion
in the transverse direction.
The longitudinal force Fn are shown in Fig. 2. They show multiple peaks unexpectedly, which should be further
investigated. To reduce statistical errors, we averaged over, at least, 16 diﬀerent initial conﬁgurations for each speed
value u by rotating he droplets about their center of mass.
If we examine the energy transductions during the collision, initial kinetic energy is transformed into elastic energy
and dissipative energy, as shown in Fig. 3. At maximum deformation, shown in red vertical line in Fig. 3, there is
no kinetic energy at all. When they are separated, the stored elastic energy Eel is again transformed into their kinetic
energy of the droplets, which is related with the coeﬃcient of restitution of the material. Almost all the initial kinetic
energy is converted into dissipation energy Edis. Actually, this energy is a heat generated by a collision. Some of the
stored elastic energy Eel is reﬂected as a coeﬃcient of restitution of the material.
We proposed [3] a more general model of viscoelasticity to describe the head-on collision of equal-sized spherical
nano droplets, which is consistent with the Hertzian model for elasticity. The dissipative force model is assumed to
be a power product of deformation and deformation rate. The corresponding parameters and exponents are explicitly
determined by ﬁtting using the molecular dynamics simulation data. The exponent α ≈ 1.49 implies that the elastic
behavior just follows the Hertzian model. This value is almost the same as Brilliantov’s value but the exponent
γ ≈ 0.884 is quite diﬀerent from Brilliantov’s value of γ = 1/2 [4]. Note that Brilliantov model is based on the quasi-
static approximation, which requires that the impact speed is much smaller than the speed of sound in the material
and that the microscopic relaxation time of the material is much shorter than the collision duration. Our model is far
beyond the limit of this quasi-static approximation. As a matter of fact, the relaxation time is found to be much longer
than the collision duration.
4. Conclusion
In summary, we reviewed several interesting behaviors related with the collisions of nano polymer droplets from
the molecular dynamics simulations. Now, we have a rather comprehensive picture of the nano droplets collision.
Initial kinetic energy is changed into potential energy of the droplets as an elastic energy, when they begin to contact
each other. At maximum deformation, the kinetic energy are completely changed into the potential energy of the
droplets. After this, some of the potential energy is changed into kinetic energy. When the droplets completely
separated, where the external force becomes zero, there is no external potential energy from the other droplet. They
ﬁnally separate with a reduced recoil velocity by using their stored elastic energy, which is reﬂected as a coeﬃcient
of restitution, much less than 1. More MD simulations should be performed to further intuition and understanding,
which is in progress [13].
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